High rates of amino-acid sequence evolution have sometimes been considered to be diagnostic for genes undergoing adaptive change. However, two recent studies have shown that rapid evolution of amino-acid sequence can also be congruent with neutrality. The debate between neutralism and selectionism, which has dominated the field of molecular evolution for twenty years, has sometimes been characterised as an attempt to establish the proportion of DNA sequence changes in evolution that have been driven by natural selection. But what really matters is not a genome-wide averaging of this proportion, which may mainly reflect the proportion of the genome that is protein-coding and the proportion that is junk. The fundamental issue concerns exons, and the proportion of amino-acid sequence changes that have resulted from natural selection. Some have identified adaptive change in amino-acid sequences by seeing high rates of amino-acid evolution. However, two recent studies of rapidly evolving genes [1, 2] imply that rapid amino-acid sequence change should not always be taken as evidence for adaptive evolution.
One way to detect adaptive change in amino-acid sequences is through comparison between the amount of amino-acid sequence evolution, or K A , and the amount of silent base substitution in the same gene, or K S . If the sequence of a gene was free to vary as a result of mutation, being, as in a pseudogene, under no selective constraint, then the ratio of K A to K S should be one. In almost all evolutionary comparisons, however, K A to K S ratios are much less than one, implying that 'purifying' selection is operating to preserve the amino-acid sequence. This provides the basis of a test to see if genes are evolving adaptively. If base changes causing amino-acid substitutions in a gene are occurring faster than the silent rate, this is surely strong evidence for natural selection changing the amino-acid sequence. Endo et al. [3] examined alignments between 3,595 groups of orthologous genes in the databases, and searched for those showing K A /K S ratios above one. While they found some highly significant cases of high ratios, which were mainly in surface antigens of parasites, which are evolve rapidly to escape host immunity, only a very small proportion of genes -less than half of one percent -show this phenomenon.
However, while a rate of amino-acid change in evolution that is higher than the silent rate implies adaptive evolution, an amino-acid change rate less than the silent rate does not imply its absence. The reason is that every amino-acid sequence has a function, which will result in purifying selection at at least some amino-acid sites. Even if adaptive change is occurring at other sites, this adaptive change has to more than compensate for the selectively constrained sites before the overall K A /K S ratio exceeds unity. Thus, one could imagine that genes evolving in an adaptive way might well show a rate of amino-acid sequence change that is relatively high, and yet still less than the silent rate in the same gene.
But if K A /K S is less than one, how can one look for selection on the amino-acid sequence of a gene? The secret is not to look just at the evolution between species, but also at the polymorphic sequence diversity within species. Indeed, a whole suite of tests for selection have been based on this idea. The fundamental argument is that, if all the amino-acid sequence changes between species are neutral, the K A /K S ratio will be determined by the relative proportions of amino-acid replacement mutations and of silent mutations that are neutral. Thus, if polymorphisms are also neutral, the ratio of amino-acid changes to silent changes among the polymorphic diversity should reflect K A /K S . Deviations from this expectation can give evidence for selection [4] .
Two groups [1, 2] have recently examined rapidly evolving genes and seen whether the polymorphisms in the gene suggest that the genes are changing adaptively. Schmid et al. [1] examined three Drosophila melanogaster genes, which had previously been isolated by the same authors in a screen for rapidly evolving genes [5] . The three genes, whose functions are not known, all show high K A /K S values in comparisons between species. However, correspondingly high ratios of replacement to silent changes are also seen among the polymorphisms in each gene. Indeed, a battery of tests for selection failed to yield evidence for its occurrence, save for one test, called a D test, which showed a significant deviation from neutrality for one gene, which might have been caused by selection at a linked locus.
A similar result has been found by McAllister and McVean [2] . They considered the Drosophila gene transformer, which has a well defined role in somatic sex determination, and which had also been shown to have a high K A /K S ratio in interspecific comparisons. As D. melanogaster had been shown to show low levels of polymorphisms, of either kind, for this gene [6] , McAllister and McVean [2] sequenced alleles of D. americana, and, again, found as many amino-acid replacement polymorphisms, relative to silent polymorphisms, as would be expected if the high K A /K S ratio reflected neutrality. Furthermore, transformer appeared to be evolving in a clock-like way, again a result more consistent with neutral change than with adaptive evolution.
If even rapidly evolving genes might be evolving neutrally, what then is the determinant of the rate of amino-acid sequence change? Often, when strong amino-acid sequence conservation is seen -a low K A /K S ratio -it is interpreted as being the sign that the gene is under 'strong purifying selection', which is often taken to indicate that the gene is, in some sense, particularly important. However, Hurst and Smith [7] compared the K A /K S ratios of genes in mouse and rat, and tested whether the ratio differed between genes for which the homozygous knockout mouse fitness was zero, and genes which yield viable and fertile null homozygous mice. They found a significantly lower K A /K S ratio for the genes with essential functions than for non-essential genes, as one might have naively expected. But many of the latter group turned out to be genes involved in immune system, which seem to have higher rates of replacement change than do other genes. When these were removed, there was no significant difference in the K A /K S ratio between the different gene classes.
This result should not be surprising. If genes evolve their amino-acid sequences neutrally, then what determines the rate of amino-acid change is not how big the selection coefficient, s, is against deleterious mutations -as, if s is greater than the reciprocal of four times the effective population size, selection will effectively prevent any such mutation going to fixation. Rather, the rate of amino-acid evolution will depend upon the proportion of the aminoacid mutations that are neutral in their effect. This really depends upon the proportion of the amino acids whose side chains are involved in the polypeptide's function, rather than the importance -in terms of the harm done by its absence -of the function itself. Thus, the concept that amino-acid sequences must be under 'strong selection' if they are well-conserved in evolution probably serves only to create confusion. The 'strength of purifying selection', in terms of a value for s, would also not be expected to determine K A /K S in an adaptively evolving gene. Here, what matters is not just the proportion of amino acids that can be changed neutrally, but also the extent to which subtly changed cellular environments or roles for homologous gene products in different species call for multiple adaptive changes in the amino-acid sequence.
The action of selection on amino-acid sequence changes acquires an added topicality in this era of genome sequencing. In the recently completed Drosophila melanogaster genome sequence [8] , for example, some half of the genes predicted from the sequence have identifiable functions, most of which are shared with homologues in other model organisms. The other half have neither known functions nor known homologues. In this context, the obvious implication may be that the genes for which homologues can be identified in other model systems are constant factors shared across these genomes, whereas the set of genes unique to individual model organisms is where the explanation of the phenotypic differences between organisms should be sought. However, if, as in transformer, rapid change can be occurring through neutral processes, rapid evolution should not be taken to imply that the evolution has any phenotypic consequence. If so, then the aminoacid changes that do occur in well-conserved genes may be equally likely candidates for the determinants of phenotypic change between species as changes in rapidly evolving genes.
